Objective: To investigate whether the early administration of intravenous second-line immunotherapy correlates with improved long-term cognition and the potential mechanisms via imaging in adult patients with moderate-to-severe anti-N-methyl-D-aspartate (NMDA) receptor encephalitis. Methods: Sixteen adult patients with moderate-to-severe anti-NMDA receptor encephalitis past the acute stage and 15 healthy controls (HCs) performed a set of comprehensive neuropsychological tests, and underwent a resting-state fMRI study to analyze resting state functional connectivity (FC). In addition, correlation analyses were performed between hippocampal FC and cognitive performance. All patients were received intravenous first-line immunotherapy, and nine of them were also given intravenous second-line immunotherapy within 3 months of disease onset. Results: The patients who only received first-line immunotherapy showed significant verbal episodic memory impairments compared with HCs and those who received second-line immunotherapy, while no significant differences were noted between the patients with second-line immunotherapy and the HCs. In line with the results of neuropsychological tests, significant changes in bilateral hippocampal FC were observed in the patients who only received first-line immunotherapy compared with both HCs and those who received second-line immunotherapy. However, no significant differences in hippocampal FC were observed in the patients with second-line immunotherapy compared with the HCs. Importantly, hippocampal-medial prefrontal cortex (mPFC) connectivity positively correlated with memory performance. Interpretation: In the long term, early administration of intravenous second-line immunotherapy may be associated with more favorable verbal episodic memory outcomes in patients with moderate-to-severe anti-NMDA receptor encephalitis. These results may provide some evidence and guidance for the use of immunotherapy in this population.
Introduction
First characterized in 2007, anti-N-methyl-D-aspartate (anti-NMDA) receptor encephalitis is a potentially lethal (although it is reversible with treatment), immune-mediated brain inflammation, characterized by the acute onset of various neurological and psychiatric manifestations. line immunotherapy (rituximab, cyclophosphamide), and tumour removal lead to substantial recovery, as reflected by low modified Rankin Scale (mRS) scores for approximately 80% of patients. 6 However, more than 75% of patients with anti-NMDA receptor encephalitis are left with permanent cognitive deficits of varying severity, predominantly in the domains of memory, attention, and executive control, which become major determinants of long-term morbidity. 7 Currently, only early immunotherapy is consistently considered to produce favorable cognitive outcomes. 7, 8 However, studies concerning the association of second-line immunotherapy with cognitive outcomes are limited and have shown conflicting results for anti-NMDA receptor encephalitis.
A large retrospective cohort study identified the use of second-line immunotherapy as an additional factor for good outcomes, as reflected by low mRS scores. 6 However, various cognitive function domains cannot be assessed systematically by the mRS. It is crucial to introduce comprehensive cognition evaluation tools, including a series of neuropsychological tests and functional MRI technology, to study long-term cognitive outcomes in anti-NMDAR encephalitis and furthermore supplement the mRS in the assessment of overall outcomes. In a recent systematic review, second-line immunotherapy was least relevant for cognitive outcomes. 7 Nevertheless, the treatment type, administration route, timing and treatment duration of second-line therapy, disease severity, and neuropsychological tests varied significantly across the included studies. 7 Therefore, conclusions from these data should be interpreted with caution. Conversely, sporadic case reports have shown that second-line immunotherapy may improve cognitive outcomes. 9 However, the cognitive outcomes in this study were based on medical history inquiries and clinical observations rather than neuropsychological assessments.
The early use of second-line immunotherapy is increasingly recommended for reducing recurrence rates; however, the choice of timing for the use of second-line immunotherapy varies greatly among physicians. Some physicians tend to postpone second-line immunotherapy until disease relapse instead of initiating treatment during the acute stage. Therefore, it is important to determine whether the early administration of second-line immunotherapy is associated with long-term cognitive outcomes improvements, which could provide insights for selecting therapeutic options in patients with moderate-to-severe anti-NMDA receptor encephalitis. Therefore, 16 adult patients with moderate-to-severe anti-NMDA receptor encephalitis past the acute stage were recruited in this retrospective study. All patients received intravenous first-line immunotherapy either alone or combined with intravenous second-line immunotherapy within 3 months after disease onset. The goal of this study was to explore whether the early administration of intravenous second-line immunotherapy contributes to long-term cognitive improvements and the potential underlying mechanisms by using resting functional MRI.
Methods

Subjects
Sixteen patients with anti-NMDA receptor encephalitis who were hospitalized or referred to the outpatient clinic for further counseling and treatment at the Department of Neurology, the First Affiliated Hospital, Zhejiang University School of Medicine were recruited between July 2016 and February 2018. The diagnosis was based on typical clinical features together with the presence of IgG antibodies for NMDA receptors. 2, 10 All patients recruited in this study were considered to have moderate-to-severe anti-NMDAR encephalitis, because the maximal mRS score was 4 or 5 points for all patients during the acute stage based on medical records. Assays for CSF NMDARIgG, LGI1-IgG, CASPR2-IgG, AMPAR1/R2-IgG, and GABAB R-IgG were performed at EUROIMMUN Diagnostic Laboratory, China by cell-based indirect immunefluorescence test (IIFT) employing BIOCHIPs (EUROIM-MUN AG, Luebeck, Germany). There were no abnormalities in structural MRI for any patient.
All patients were evaluated using neuropsychological assessments and neuropsychiatric inventory (NPI), except for one patient who received only first-line immunotherapy due to refusal, and all patients underwent an MRI scan. The initial assessment was conducted after the acute stage of the disease (at least 6 months after initial discharge from the hospital, median/interquartile range (IQR), 9.5/7-34.75 months; range, 6-47 months).
Fifteen individuals with no history of psychiatric or neurologic disease served as healthy controls (HCs) in the experiments. The control participants were matched to the patients with respect to sex, educational level, and age. Demographic and clinical data are shown in Tables 1  and 2 .
All subjects provided written informed consent, and the project was approved by the Ethics Committee of the First Affiliated Hospital, Zhejiang University School of Medicine.
Treatment protocol
In the current study, the first-line immunotherapy protocol at our institute was defined as high-dose steroids (500-1000 mg of methylprednisolone daily for 3 days, followed by tapering) and intravenous immunoglobulin (IVIG) (0.4 g/kg for 5 days) with or without plasmapheresis (before IVIG, once), and second-line immunotherapy was defined as intravenous rituximab (375 mg/m 2 weekly for 4 weeks) and cyclophosphamide (750 mg/m 2 monthly for 4-6 months, depending on the response), in combination or alone.
All patients received first-line immunotherapy at 1-3 days after a definite diagnosis; nine of them also received second-line immunotherapy at 7-56 days after first-line immunotherapy. Treatment administered within 3 months of disease onset was considered early immunotherapy. The therapeutic strategy was selected at the treating clinicians' discretion. Some physicians are more proactive and choose to apply second-line immunotherapy at the acute stage when a patient's condition is sufficiently severe, while others tend to postpone immunotherapy until disease relapse.
Neuropsychological assessment
A set of comprehensive neuropsychological tests was administered to assess working memory (digit span test) and verbal episodic memory (Chinese auditory verbal learning test, CAVLT), as well as the Stroop test, semantic fluency test, block design test, symbol-digit modalities test (SDMT), self-rating anxiety scale (SAS), and self-rating depression scale (SDS).
Resting-state functional connectivity analysis
Acquisition and initial image preprocessing of restingstate fMRI data are provided in detail in the Data S1. The left and right hippocampal seed regions were extracted from the Anatomical Automatic Labeling (AAL) template. The Pearson correlation coefficient between the mean time courses of each seed region and those of each voxel throughout the whole brain was calculated for each individual. 11 The resulting correlation coefficients were transformed into z-values using Fisher's transformation.
Statistical analysis
Statistical analyses were performed using SPSS 16.0 for Windows (SPSS Inc., Chicago, IL). A Chi-square test was used for categorical variables, and demographic variables were compared between groups using a one-way analysis of variance (ANOVA), two-sample T-test, or MannWhitney U test.
One-way ANOVA was used to compare the FC between the left and right hippocampus among the three groups within a whole-brain mask (FA > 0.2) using the DPABI toolbox. The main effect F-maps were set at a significance threshold of P < 0.001 (Gaussian Random Field theory correction (GRF) was used for multiple comparisons). Post hoc comparisons were performed in local clusters with significant group differences to compare the three groups. To estimate the relationship between FC and neuropsychological test results in all participants, we calculated the Pearson correlations between each neuropsychological tests score and the FC value of the left or right hippocampus in local clusters with significant group differences. The correlations were considered significant at a threshold of P < 0.05.
Results
Demographic and clinical data
The patients who received only first-line therapy, the patients who received second-line immunotherapy and the HCs did not differ significantly with regard to age (F = 2.84, P = 0.08), educational level (F = 1.70, P = 0.20) or sex (v 2 = 0.64, P = 0.73) ( Table 2 ). In addition, all patients (11 women; mean age, 28.81 AE 9.86 years; education, 12.38 AE 3.34 years) and HCs did not differ significantly regarding age (t = 0.98, P = 0.34), educational level (t = 1.51, P = 0.14), or sex (v 2 = 0.015, P = 0.90). With regard to time of definite diagnosis, the patients with first-line immunotherapy only and those with second-line immunotherapy did not show a significant difference (t = À0.39, P = 0.70) ( Table 2) . According to the Mann-Whitney U test, the patients with first-line immunotherapy only and those with second-line immunotherapy did not show a significant difference (U = 18.50, P = 0.167) with regard to time of follow-up after initial discharge (Table 2 ). In addition, the patients with second-line immunotherapy and those with first-line immunotherapy only did not differ significantly with regard to mRS scores (t = 1.43, P = 0.17) or potential predictive factors (EDB, v 2 = 0.04, P = 0.84; seizures, v 2 = 2.94, P = 0.09; ICU treatment, v 2 = 0.83, P = 0.36; etiology, v 2 = 0.16, P = 0.69). The demographic and clinical data are shown in Tables 1 and 2 .
Neuropsychological assessment
No patients had any psychotic symptoms according NPI. The neuropsychological test results assessed by one-way ANOVA are shown in Table 3 . The patients showed significant impairments in the SDMT (F = 11.25, P = 0.000), digit span test (forward, F = 4.17, P = 0.026; backward, F = 6.93, P = 0.004), semantic fluency test (F = 4.34, P = 0.023), block design test (F = 4.61, P = 0.019), and CAVLT (immediate memory following interference, F = 8.49, P = 0.001; delayed recall, F = 5.23, P = 0.012; recognition, F = 4.65, P = 0.034), whereas scores of the Stroop test (F = 1.81, P = 0.183), self-rating anxiety scale (F = 0.76, P = 0.493) and self-rating depression scale (F = 0.85, P = 0.456) were normal. Post hoc comparisons (least-significant difference correction, LSD) showed that CAVLT did not differ significantly between the HCs and the patients with second-line immunotherapy (immediate memory following interference, P = 0.754; delayed recall, P = 0.459; recognition, P = 0.843). However, the patients who received only firstline immunotherapy showed significant verbal episodic memory impairments compared with both those who received second-line immunotherapy (immediate memory following interference, P = 0.002; delayed recall, P = 0.024; recognition, P = 0.049) and HCs (immediate memory following interference, P = 0.000; delayed recall, P = 0.003). To consider whether time of follow-up had an impact on verbal episodic memory improvements, we compared the memory performance between the patients with only 6-12 months of follow-up and those with more than 1 year of follow-up. The results showed that there were no significant differences regarding memory performance.
In addition, compared with the HCs, the patients with first-line only and those with second-line immunotherapy showed significant impairments in the following tests: the SDMT (HCs vs. first-line only, P = 0.000; HCs vs. second-line therapy, P = 0.002), digit span test (HCs vs. first-line only, P = 0.038; HCs vs. second-line therapy, P = 0.019), and block design test (HCs vs. first-line only, P = 0.039; HCs vs. second-line therapy, P = 0.001). Only the patients who received only first-line immunotherapy showed significant impairments in the semantic fluency test (HCs vs. first-line only, P = 0.007). However, no differences were observed between the patients with firstline only and those with second-line immunotherapy in the above tests.
Resting-state FC
Voxel-wise analysis of left hippocampal functional connectivity (FC) showed decreased FC in the left hippocampus with the medial prefrontal cortex (mPFC), and increased FC in the left hippocampus with the bilateral sensorimotor cortices (SMC) and supplementary motor area (SMA) (P < 0.001, GRF-corrected, cluster size > 30; Fig. 1) . A post hoc analysis demonstrated that the patients who received only first-line immunotherapy showed a significant reduction in left hippocampal FC with the mPFC and significant increases in left hippocampal FC with the bilateral SMC and SMA compared with both the HCs and those who received second-line immunotherapy (Fig. 1) . No significant differences in left hippocampal FC were noted in the patients with second-line immunotherapy compared with the HCs (Fig. 1) .
Similarly, voxel-wise analysis of right hippocampal FC showed significant reductions in the right hippocampal FC with the mPFC, inferior-parietal lobule (IPL), and bilateral dorsolateral prefrontal cortex (DLPFC), while significant increases were observed in right hippocampal FC with the bilateral SMC (P < 0.001, GRF-corrected, cluster size > 30; Fig. 2) . A post hoc analysis demonstrated that the patients who received only first-line immunotherapy showed significant reductions in right hippocampal FC with the mPFC, IPL and bilateral DLPFC and significant increases in right hippocampal FC with the bilateral SMC compared with that in both the HCs and patients with second-line immunotherapy (Fig. 2) . No significant differences were noted in right hippocampal FC in the patients with second-line immunotherapy compared with the HCs (Fig. 2) . A linear correlation analysis showed a significant positive correlation between bilateral hippocampal-mPFC FC and CAVLT-interference memory performance (left hippocampus, r = 0.453, P = 0.012; right hippocampus, r = 0.363, P = 0.04) and between right hippocampal-RIPL FC and CAVLT-interference memory performance (r = 0.41, P = 0.025) (Fig. 3) . In addition, significant negative correlations were found between left hippocampalbilateral SMC FC and CAVLT-Interference memory performance (left SMC, r = À0.57, P < 0.001; right SMC, r = À0.49, P = 0.0057) and between left hippocampal-LSMC FC and CAVLT-delayed memory performance (r = À0.53, P = 0.0026) (Fig. 3) . No significant correlations between hippocampal-mPFC FC and performance in the tests of working memory, semantic fluency, or block design were observed.
Discussion
Our study demonstrated that all patients received early immunotherapy and achieved good outcome (mRS, 0-2); however, in terms of verbal episodic memory, the patients who only received with first-line immunotherapy showed significant impairments compared with both those who received second-line immunotherapy and HCs, while no significant differences were noted in the patients with second-line immunotherapy compared with the HCs. These results were consistent with that of a previous study 6 but extended the findings to indicate that the early administration of intravenous second-line immunotherapy may be associated with improved long-term verbal episodic memory in patients with moderate-to-severe anti-NMDA receptor encephalitis. However, other domains of cognition (SDMT, digit span test and block design test), which reflected frontal-parietal function, did not return to normal levels in the patients with second-line immunotherapy. This finding indicated that cognitive impairments of varying degrees may persist for a long time in critically ill patients despite aggressive treatment.
The clinical picture of the patients was typical, and a definite diagnosis of the patients was relatively timely in our study. Both first-line and second-line immunotherapy were applied in the early stage of the disease. The types, medication dosage, route of administration, and duration of immunotherapy were similar. There was no significant difference between the patients with first-line immunotherapy only and those with second-line immunotherapy with regard to the time of definite diagnosis, time of first-line immunotherapy administration, potential predictive factors (EDB, seizures, ICU treatment and etiology), or time of follow-up. Therefore, we believe that the verbal episodic memory improvements were not related to these factors.
The results of neuropsychological tests are not consistent with a previous study reporting that second-line immunotherapy was less relevant to cognitive outcomes involving episodic memory. 7 There are a number of confounding factors that may account for this discrepancy. 6 Firstly, patients treated with second-line immunotherapy were of greater severity than those who received only first-line immunotherapy in the reported studies. In our study, we only included patients with moderate-to-severe anti-NMDAR encephalitis. Secondly, patients in our study received intravenous second-line immunosuppressants within 3 months of disease onset, whereas the timing varies in the literature. In most cases, second-line immunotherapy was not initiated until first-line therapy failed, which usually occurred at a relatively advanced stage. 6 Other factors, such as the medication dosage, route of administration, duration of second-line therapy, severity of the disease, and neuropsychological tests, may also influence cognitive performance.
Previous studies have reported that memory appears to be the most affected domain among all cognitive dysfunctions and was reported to highly correlate with an increased density of NMDA receptors in the hippocampus. 12 Functional MRI studies have also demonstrated that reduced hippocampal FC, 12, 13 hippocampal volumetrics, and microstructural integrity 14 are associated with individual memory performance in patients with anti-NMDA receptor encephalitis. In consistent with previous observations, 12,13 our study observed hippocampal FC with the mPFC decreased significantly and correlated with impaired memory performance in patients who received only first-line immunotherapy. This finding was supported by the neuropsychological results that early intravenous second-line immunotherapy may be associated with verbal episodic memory improvements.
Notably, a reduction in right hippocampal FC with the posterior DMN (IPL), but not the anterior DMN, was first observed in patients with anti-NMDA receptor encephalitis. 12, 13 Numerous studies support the notion that the IPL is part of the DMN and plays an important role in episodic memory. 15 Normal anatomy and FC between the hippocampus and IPL are critically important for episodic memory processing. 16 Therefore, reduced right hippocampal FC with the IPL may serve as a biomarker for anti-NMDA receptor encephalitis and may be a primary factor in the episodic memory impairment associated with the disease.
Aside from the DMN, a reduction in right hippocampal FC with the bilateral DLPFC, as well as increases in bilateral hippocampal FC with the bilateral SMC and in left hippocampal FC with the SMA, were observed in the patients who received only first-line immunotherapy. We also found that the alternations in left hippocampal FC with the bilateral SMC negatively correlated with memory performance. The hypothesis that the anterior DLPFC may be instrumental in implementing a top-down inhibitory control signal that suppresses mnemonic processing has been supported in several studies. 17 Moreover, increasing evidence supports SMC dysfunction in Alzheimer's disease (AD), 18 and decreased or rewired sensorimotor network connectivity in AD has been reported, even at an early stage, 19, 20 indicating that SMC connectivity may be associated with episodic memory processing. This contrary relationship between increased alternations in bilateral hippocampal FC with the SMC and reduced bilateral hippocampal FC with the DMN in the patients who received only first-line immunotherapy may reflect an intrinsically inversely correlated relationship between the task-negative DMN and task-positive sensorimotor networks. 21 This study had limitations that should be considered in interpreting our results. First, the study used a retrospective design rather than a prospective design. Hence, selection bias with treatment and bias related to time of treatment could not be avoided. A second limitation is the small sample size. Third, although all patients achieved a good overall outcome (mRS, 0-2), and there were no significant differences regarding memory performance between the patients with only 6-12 months of follow-up and those with more than 1 year of follow-up, the challenge regarding follow-up variability should be noted. Fourth, because this study focused on patients with moderate-to-severe anti-NMDAR encephalitis, it remains unclear whether the same association will apply to cognitive function in mild cases. Additional larger, longitudinal studies from different centers and multimodal functional MRI examinations are needed to determine the association between second-line immunotherapy and cognitive function improvements.
In summary, the present study suggests that in the long term, the early administration of second-line immunotherapy in patients with moderate-to-severe anti-NMDA receptor encephalitis may be associated with more favorable overall verbal episodic memory outcomes. Early intervention with aggressive immunosuppressants may be justifiable in this population.
